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ABSTRACT
Corn and rice genetic linkage map alignments were extended and refined by the addition of 262 new,

reciprocally mapped maize cDNA loci. Twenty chromosomal rearrangements were identified in maize
relative to rice and these included telomeric fusions between rice linkage groups, nested insertion of rice
linkage groups, intrachromosomal inversions, and a nonreciprocal translocation. Maize genome evolution
was inferred relative to other species within the Panicoideae and a progenitor maize genome with eight
linkage groups was proposed. Conservation of composite linkage groups indicates that the tetrasomic state
arose during maize evolution either from duplication of one progenitor corn genome (autoploidy) or
from a cross between species that shared the composite linkages observed in modern maize (alloploidy).
New evidence of a quadruplicated homeologous segment on maize chromosomes 2 and 10, and 3 and 4,
corresponded to the internally duplicated region on rice chromosomes 11 and 12 and suggested that this
duplication in the rice genome predated the divergence of the Panicoideae and Oryzoideae subfamilies.
Charting of the macroevolutionary steps leading to the modern maize genome clarifies the interpretation
of intercladal comparative maps and facilitates alignments and genomic cross-referencing of genes and
phenotypes among grass family members.

THE family Gramineae is a diverse group of widely some number (x 5 12), relatively few large-scale duplica-
tions (Causse et al. 1994; Harushima et al. 1998), andadapted species that have been classified into two
a relatively small genome size of 430 Mb (Arumugana-major clades and a series of smaller groups based on
than and Earle 1991). Intensive research efforts inmolecular phylogenetic studies (Clark et al. 1995; Sor-
rice have produced high-density genetic maps (Causseeng and Davis 1998). One clade contains the Panicoi-
et al. 1994; Kurata et al. 1994; Harushima et al. 1998), adeae subfamily (among others) including maize (Zea
library of expressed sequences (Yamamoto and Sasakimays), sugarcane (Saccharum), sorghum (Sorghum),
1997), and physical maps based on ordered arrays ofand millet (Pennisetum) and the other clade contains
artificial chromosome clones (Umehara et al. 1994;the Pooideae subfamily including wheat (Triticum), bar-
Wang et al. 1995; Kurata et al. 1997; Zhang and Wingley (Hordeum), rye (Secale), and oat (Avena). The sub-
1997). The ability to locate phenotypic effects on molec-family Oryzoideae, including rice (Oryza) and wild rice
ular linkage maps has provided the necessary tools to(Zizania), and Bambusoideae (the woody bamboos) are
associate genes with agronomically important traits andrecognized as early diverging lineages. Despite the evo-
positionally clone several of the underlying loci (Songlutionary distance between these crop species, molecu-
et al. 1995; Yoshimura et al. 1998; Wang et al. 1999).lar mapping of the nuclear genomes using restriction

The maize genome offers a marked contrast to ricefragment length polymorphism (RFLP) has allowed
with a genome size six times larger (2500 Mb), a highthe development of comparative chromosome maps (for
proportion (60–80%) of rapidly evolving repetitive DNAgraphical displays of Rice-1 through Rice-12 see http://
(Flavell et al. 1974), and intragenomic gene duplica-genome.cornell.edu/rice/quickqueries/; for review see
tion estimated to be equivalent to 1.5 rice genomesDevos and Gale 1997).
(Helentjaris et al. 1988; Ahn and Tanksley 1993).The genome of cultivated rice is considered to resem-
Intergenic repetitive DNA appears to be organized asble an ancestral grass genome with a high base chromo-
a series of nested insertions of retrotransposons (San
Miguel et al. 1996), accumulating rapidly due to numer-
ous site-specific insertion events that expand the repeti-
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utilized by Ahn and Tanksley (1993) to map 250 loci inwith rice and other grasses, based on mapping RFLP
maize corresponding to 145 single-copy loci in rice.detected by cDNAs. Most of these segments are dupli-

Probes: Maize clones from three cDNA libraries, Colorado
cated within the maize genome and reflect a polyploidi- State University (CSU; provided by C. Baysdorfer via E. Coe),
zation event in the maize lineage (Helentjaris et al. University of Arizona (UAZ; provided by T. Helentjaris), and

Iowa State University (ISU; provided by M. Lee), were selected1988; Ahn and Tanksley 1993) that appears to have
for mapping in rice. The cDNA libraries were constructedoccurred after the divergence of maize from its near
from maize endosperm and etiolated seedlings (UAZ), leafrelatives, sugarcane (Da Silva et al. 1993; D’Hont et al.
(CSU), and root (ISU) tissues as described in Shen et al.

1996; Ming et al. 1998) and Sorghum (Chittenden et (1994), Chao et al. (1994), and Pereira et al. (1994), respec-
al. 1994; Pereira et al. 1994), as both of these Panicoids tively.

In this study, probes from the ISU cDNA library werelack the extensive intragenomic duplication observed
mapped for the first time in both maize and rice. CSU andin maize.
UAZ probes that had been previously utilized in maize wereWithin the concept that the grass family can be consid-
mapped only in rice and were aligned with previously reported

ered a single genetic system (Bennetzen and Freeling map positions that were available from public databases (Burr
1993; Moore et al. 1995), rice has emerged as a model et al. 1993; Matz et al. 1994; Davis et al. 1996). A portion of

the cDNA probes selected from the UAZ and CSU librariesfor comparing genome structure across family mem-
have been end-sequenced and are homologous to knownbers. Indeed, the genetic content of each of the 12 rice
genes (Chao et al. 1994; Shen et al. 1994). In addition tochromosomes has been partially identified within the
cDNAs with known function, three maize genes were mapped

base chromosome complements of other domesticated in rice: phytoene desaturase (pds; provided by K. Oishi), phos-
grasses (Ahn and Tanksley 1993; Van Deynze et al. phohexose isomerase (phi; provided by M. Sachs), and enolase

2 (eno2; M. Sachs).1995a,b; Devos and Gale 1997). In these studies, link-
All probes were surveyed on grass garden blots consisting ofage groups of the Pooideae and Panicoideae contained

EcoRI-digested genomic DNA from oat, wheat, barley, rice,segments homeologous to rice linkage groups in com-
bamboo, sugarcane, pearl millet, sorghum, and maize, to eval-

pound-composite arrangements. The component-com- uate signal and copy number across cultivated species of the
posite relationships between rice linkage groups and Poaceae, as described in Van Deynze et al. (1998). In addition,
those of other domesticated grasses demonstrated ho- genomic DNA from Joinvilleae ascendens (leaf tissue provided

by K. Wood of the National Tropical Botanical Garden, Lawai,meology among grass genomes; this suggests that analy-
Kauai, Hawaii) and Flagelleria sp. (Cornell University Conserva-sis of rice may provide insight into the basic organization
tory), organisms closely related to the grass family (Doyle etof the ancestral grass genome. al. 1992; Duvall et al. 1993; Davis 1995), were included to

Efforts to physically align orthologous loci, identify broaden the survey of sequence divergence in the monocots
evolutionary events involving chromosome rearrange- based upon Southern hybridization intensity.

RFLP protocols and data analysis: DNA digestion, Southernment, and ultimately identify genes underlying common
blotting, probe preparation, and hybridization were similarphenotypic effects (Paterson et al. 1995) require in-
to the methods reported by McCouch et al. (1988) for ricecreased resolution of existing genetic and physical and Veldboom et al. (1994) for maize. For rice, hybridizations

maps. We mapped loci detected by maize cDNA probes were performed at 658 for at least 20 hr and subsequent washes
in both rice and maize to extend and refine this genome at 658 at 23, 13, and 0.53 SSC. Probes were surveyed on

restriction-digested genomic DNA from the recurrent parentcomparison and used this information to make infer-
O. sativa (cv. BS125) and the O. sativa/O. longistaminata F1ences about the genome structure of a progenitor from
hybrid. Five restriction enzymes (EcoRV, EcoRI, Xba, HindIII,which modern maize may have evolved. Understanding
and ScaI) were sufficient to detect at least one polymorphic

the structure of such a progenitor will facilitate align- locus for .95% of probes giving strong signal. Probes were
ments and genomic cross-referencing of genes and phe- then hybridized to filters containing genomic DNA from the
notypes and clarify the interpretation of intercladal map rice BC1F1 individuals to obtain segregation data for the poly-

morphic restriction fragments.comparisons.
Copy number was estimated in rice on the basis of the

number of fragments detected by each probe with five enzymes
on parental polymorphism surveys. Probes detecting single-MATERIALS AND METHODS
copy loci in rice were classified on the basis of detection of a
single band in the inbred BS125 parent and one or two copiesPlant materials: The previously described interspecific Oryza
in the interspecific F1 for at least two restriction enzymes.sativa (cv.BS125)/O. longistaminata//O. sativa BC1F1 rice popu-
Low-copy probes detected more than one but less than fourlation (Causse et al. 1994) was utilized to map loci detected
fragments in the inbred parent. Higher-copy probes that de-by a selection of maize cDNA probes. The DNA extracted
tected more than four fragments were not utilized for map-for this study was obtained from BC1 plants that have been
ping. Multiple-copy loci were designated A, B, C, or D onmaintained by vegetative propagation for 10 years at Cornell
the basis of the molecular weight (descending order) of theUniversity. Two recombinant inbred maize populations,
mappable fragments from the BS125 parent. If only one frag-T232/CM37 (48 RILs) and CO159/Tx303 (41 RILs) devel-
ment of a multiple copy probe was mapped, a designation ofoped at Brookhaven National Laboratory (BNL) (Burr et al.
X was added to indicate the possibility of additional loci that1988), were utilized to map loci detected by the Iowa State
were not mapped due to monomorphism or poor signal.University (ISU) maize cDNA library. Both populations have

Marker placement on rice and maize framework maps: Thebeen utilized by maize researchers to place molecular markers
LOD 2.5 rice framework map presented in Causse et al. (1994)and to produce a database of mapping information (Burr et

al. 1993; Matz et al. 1994). The T232/CM37 population was was used as the basis for integrating markers detected by an-
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chor probes (Ahn and Tanksley 1993) and maize cDNAs from several maize RFLP genetic maps were combined
mapped in this study. Selection of framework markers was to facilitate comparison of the maize and rice genomes.
based on screening the primary data for suspect double cross-

The BNL 96 T232/CM RI genetic map (Burr et al. 1993)overs represented by a single data point (marker) and each
was selected to serve as a framework for the addition andwas reviewed for accuracy of the initial scoring. Subsequent

to this screening, 3 individuals, SL-35, SL-40, and SL-147, were positioning of loci necessary for the comparison. Newly
identified as confounded genotypes due to a high frequency mapped ISU markers, previously mapped markers from
of double crossovers scattered along all linkage groups. These Ahn and Tanksley (1993), and markers retrieved from
individuals were eliminated from the primary data set and

the maize genome database (http://www.agron.missouri.the remaining 110 individuals formed the basis of a revised
edu) were positioned relative to the framework at LODmapping population. Genetic linkage maps were constructed
2.0. Conflicting marker orders due to low LODs arisingfor maize and rice using Mapmaker v2.0 (Lander et al. 1987).

Genetic distance in rice was estimated from recombination from tight linkage were sorted to the inclusion of com-
frequencies using the Kosambi function. Loci in rice detected paratively mapped loci on the framework. ISU loci
by maize probes were added to the revised framework map mapped in CO159/Tx303 RI (Matz et al. 1994) andusing the try command. Subsequent compare and ripple com-

markers retrieved from the maize genome databasemands were used to verify positioning at LOD 5 2.0. Rice
mapped onto the same population as above and/orcentromeric intervals were based on the secondary and telotri-

somic centromeric placement of Singh et al. (1996). Tx303/CO159 IF2 (Davis et al. 1996) were cross-refer-
A maize map was constructed using selected markers from enced by common markers and placed to inferred posi-

the T232/CM37 RI population framework marker data from tions. In total, the resulting maize map included 422Matz et al. (1994), comparatively mapped markers from Ahn
comparative markers placed directly on, or positionedand Tanksley (1993), and ISU markers mapped in this study.
relative to, the T232/CM37 map (Figure 2).ISU markers were mapped either directly based on segregation

data in the T232/CM37 population or aligned from data ob- Rationale for inferring the macroevolution of maize
tained from the Tx303/CO159 RI map. A LOD 2 framework genome structure: Intragenomic homeology between
map was constructed based on selection for comparatively paired segments of maize chromosomes supports themapped markers, while maintaining the BNL framework. Ge-

proposal that the maize genome has fixed a polyploid-netic distance was estimated from recombination frequencies
ization event and switched from tetrasomy to disomyusing the Kosambi function. Markers mapped in the Tx303/

CO159 RI (Burr et al. 1988; Matz et al. 1994) and CO159/ (Helentjaris et al. 1988; Ahn and Tanksley 1993). In
Tx303 immortalized F2 population (Davis et al. 1996) were addition, 20 chromosomal rearrangements (Tables 1
positioned to intervals based on markers anchoring the maps and 2) were inferred by map comparison and were classi-(providing links among likely orthologs at the resolution RFLP

fied as telomeric fusions between rice linkage groups,analysis).
nested insertion of rice linkage groups, intrachromoso-
mal inversions, and a nonreciprocal translocation. All
were inferred to have occurred in maize relative to rice.RESULTS

Marker order within duplicated segments, conserved
Placement of polymorphic loci detected by maize on composite linkages within the maize genome, and

probes on the rice map: A total of 210 maize cDNA homeology between rice and maize provided a basis for
probes were surveyed on garden blots and parental poly- inferring the structure of ancestral chromosome ar-
morphism surveys for hybridization signal and RFLP, rangements in maize based on the following assump-
respectively. Of these, 23 probes (z10%) detected loci tions:
in maize and gave no signal in rice, 5 detected mono-
morphic loci in rice, 11 were high-copy probes, 10 de- 1. Rice is representative of an ancestral genome. Each

of the rice linkage groups was viewed as a componenttected smears, 14 were not chosen for mapping based
upon position or weak signal, and 147 maize probes (35 that occurs in differing arrangements within each of

the grass genomes. Many maize chromosomes wereCSU, 38 UAZ, 71 ISU, and three known genes) were
mapped in rice. These probes identified 182 new loci observed to be composed of more than one ancestral

component and will be referred to as compound (two)that serve as common reference points between the rice
and maize genome maps (Figures 1 and 2). or composite (three or more) linkage groups. Events

leading to compound/composite linkage groups in-The 182 loci were combined with 423 of the loci
previously mapped in rice (Causse et al. 1994), includ- cluded nested insertion of, and end-to-end fusion

between, ancestral components. Intra- and interchro-ing 146 loci comparatively mapped between maize and
rice (Ahn and Tanksley 1993), to produce a 623- mosomal rearrangements have separated some com-

ponent linkages and it is convenient to refer to thesemarker rice map that facilitates genomic comparisons
with other grasses (Figure 1). Rice chromosomes were portions as segments.

2. A polyploidization event occurred in the lineage ofdivided into long and short arms based on the secondary
and telotrisomic centromeric approximations (Singh et modern maize, and that event could have resulted

from either the doubling of a hybrid between twoal. 1996).
Placement of polymorphic loci detected by maize closely related species (allopolyploid) or doubling of

a single ancestral genome (autopolyploid). The eventprobes on the maize T232/CM RI map: Marker loci
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Figure 1.
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Figure 1.—Rice RFLP linkage map based on the interspecific (O. sativa/O. longistaminata//O. sativa) population. A comparative
framework map ordered at a minimum LOD 2 was based on high confidence markers from Causse et al. (1994) and Ahn and
Tanksley (1993) and newly placed markers detected by maize cDNA probes in this study. Markers were designated by abbreviations
designating the cDNA or genomic library from which the probe was isolated as follows: RZ (rice cDNA); RG (rice genomic);
BCD (barley cDNA); CDO (oat cDNA); and CSU, ISU, UAZ (maize cDNA). Centromere positioning was based on the intervals
presented by Singh et al. (1996). Brackets denote markers placed at ,LOD 2. Parentheses indicate chromosomal location of
markers comparatively mapped in maize; suffixes following chromosome numbers are L, long arm; S, short arm; and C, centromere.
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Figure 1.—Continued.

Clark et al. 1995; Soreng and Davis 1998) suggestswill be referred to as the maize duplication event
the definition of six evolutionary intervals delimited by(MDE).
the following divergence events (Figure 3):3. Within the modern maize genome, duplicated com-

posite linkages and chromosomal rearrangements 1. Ancestral, prior to the divergence of Oryzoideae and
were considered fixed prior to the MDE and those Panicoideae subfamilies.
not duplicated in the maize genome occurred subse- 2. Progenitor Panicoideae, prior to the divergence of
quent to the MDE. Inferences of progenitor genome Paniceae (millets) from Andropogoneae-Maydeae.

3. Progenitor Andropogoneae/Maydeae prior to thestructure followed Occhams razor, the simplest
divergence of Andropogoneae from Maydeae (sugar-model based on available data from rice, maize, and
cane, sorghum, and maize).sorghum.

4. Progenitor Maydeae, prior to divergence of the May-
Retracing the divergence of the maize genome from deae, specifically Tripsacum and progenitor maize.

5. Progenitor Maize, following divergence from Tripsa-an ancient grass similar to rice requires utilization of
cum and prior to genome-wide duplication event.major divergence points in the evolution of the maize

6. Tetraploid Maize, duplicated genome, from tet-lineage. Comparison of rice, maize, Sorghum, and sug-
arcane using systematic classification (Celarier 1957; rasomic to disomic inheritance.
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Figure 2.
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Figure 2.—Maize RFLP T232/CM37 RI comparative linkage map. A comparative LOD 2 map was constructed using the BNL96
framework markers as a foundation for placement of loci detected by ISU cDNA probes in this study and reintegration of
previously mapped CDO, BCD, and RZ markers of Ahn and Tanksley (1993). Genetic distance was estimated on the basis of
recombination frequency using the Kosambi function. Parentheses and brackets in probe designations are the same as in Figure
1, with the exception that chromosomal locations in parentheses represent corresponding rice chromosomal positions. Map
positions of markers retrieved from public databases were added for CSU and UAZ markers to provide reference to loci mapped
in rice. Markers mapped in the CO159/Tx303 population were positioned relative to consensus markers in the BNL maps and
noted in bold. Boxes to the left of chromosomes define homeologous segments and indicate their corresponding position in
the rice genome. Arrows indicate breakpoints and rearrangements as summarized in Tables 1 and 2.

Divergence of repetitive DNA fractions, subcentimor- sary to elucidate events that differentiate the maize and
rice genomes from each other and from the rest of thegan order, and nonrepetitive sequences were assumed

to increase with each meiotic event to further separate domesticated Poaceae.
Homeology between maize and rice: a comparison ofeach of the grasses. Although homeology exists among

the grass linkage groups and may be conveniently com- the grass progenitor: Genomic comparison between rice
and maize revealed that the genomes are segmentallypared to rice segments, it is important to note that all

modern genomes have diverged from the ancestral grass homeologous (Ahn and Tanksley 1993) and that con-
siderable rearrangement of the maize genome has oc-genome (Figure 3, node 1). Sorting chromosomal rear-

rangements into intervals of maize evolution was neces- curred over the millions of meiotic events that have
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Figure 2.—Continued.
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Figure 2.—Continued.

separated the two taxa. Anchoring an additional 182 been tenuous due to a complex arrangement of dupli-
cate loci on these linkage groups (Panaud et al. 1996;loci in rice for maize-rice map alignments has supported

and refined the definition of homeology between pairs Nagamura et al. 1997). Of 15 single- or low-copy maize
probes detecting loci on the short arms of R11 or R12,of maize chromosomes (1-5, 1-9, 2-7, 2-10, 3-8, 4-5, 6-8,

and 6-9) and between maize segments and rice linkage 3 detected loci on both chromosomes. Intervals de-
limited by isu60a/isu60b and isu36b/isu36a on R11 andgroups (Figure 2). The presence of segmental homeol-

ogy is a remnant of the genomic constitution of the R12, respectively, indicate that duplicate loci may be
expected on the short arms of R11 and R12. It is alsograss progenitor and indicates that a common ancestor

existed and remains intact within both the rice and apparent from duplicate loci detected by isu36, isu60,
and isu85 on sorghum linkage groups I and J (Pereiramaize genomes.

Assignment of homeology between rice chromosomes et al. 1994) that this duplication may have existed in
the ancestral genome and predates the divergence of11 and 12 to segments within the maize genome has
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Figure 2.—Continued.

Panicoideae and Oryzoideae. If the duplication of these tected on segments of M4 that showed considerable
homeology to R11/12, after accounting for a re-loci predates the divergence of maize, sorghum, sugar-

cane, and rice, quadruplication of these loci and their arrangement within the long and short arms of M4. The
expected duplicate counterpart of M4 (R11/12) waschromosome segments would be expected within the

maize genome. Genetic quadruplication is difficult to difficult to identify in the maize genome. Five probes
(isu54, isu69, isu109, isu123, and bcd808) on M2 de-define due to selection against the use of multiple-copy

probes in mapping studies and the reduced likelihood tected loci on R11. These loci define a segment, al-
though separated into two clusters by .50 cM in maize,of detecting four polymorphic fragments in a single

cross. As a result of these complications, the detection that was assigned homeology to R11/12 after account-
ing for an inversion event on the long arm of M2.of probes mapping to one, but not both, segments is

common and gives the appearance of incongruency be- While selected markers can be used to assign paired
homeology between these segments in the maize ge-tween a locus and the map location.

Probes detecting loci on R11 detected loci on M2, nome, compound linkages that predate the duplication
of the maize genome may be a more reliable method.M3, M4, M8, and M10 (Figures 1 and 2). Probes de-

tecting loci on R12 detected loci on M2, M4, M6, M7, Alignment of maize segments into a consensus segment
representative of paired duplicate segments and evalua-M8, and M10. Segments showing homeology (more

than four probes) to R11 or R12 (designated R11/12) tion of compound linkages in maize relative to rice
indicated that paired homeology of R11/12 segmentsare located on M2, M3, M4, and M10. The most exten-

sive conservation of gene content and order was de- consisted of M3-M4 and M2-M10. This is in contrast to
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the homeology assigned on the basis of sampled markers
and to the previous assignment of homeology between
M3-M10 proposed by Moore et al. (1995).

Previous distinction of interspersed single-copy loci
and linkage segments throughout the maize genome
(Ahn and Tanksley 1993) has been reduced by the
mapping of duplicated loci (Figure 2). Of all grass com-
ponents, only the duplicate counterpart of the segment
homeologous to R8 has not been identified in the maize
genome at the resolution of these maps. Fifteen loci
mapped on R8 have been anchored to loci within the
maize genome on M1, M2, M4, M5, M7, M8, and M10.
Segmental homeology was clearly defined between R8L
and a centrically located segment on M1 by six loci.
These loci accounted for the entire long arm of R8 and
one of the two copies of the linkage group expected
in the maize genome. Of the remaining nine markers
anchored on R8 and in maize, all were scattered across
the maize genome and were located in the centromeric
regions of seven maize linkage groups.

The progenitor maize genome: On the basis of analy-
sis of composite linkages exhibiting intragenomic ho-
meology within modern maize, we deduced that the
progenitor maize genome had eight independent link-
age groups (Figure 4). Four linkage groups of progeni-
tor maize (PM), PM1, PM3, PM4, and PM7 were inferred
to represent compound linkage groups in the modern
maize genome. The compound and composite arrange-
ments of PM1, PM3, PM4, and PM7 can be identified
within the intragenomic paired homeology of M3-M8,
M1-M5 and M1-M9, M2-M10, and M2-M7, respectively.
Relative to gene order and segment orientation in rice,
inversions were noted on PM1 and PM6 (Table 1). Two
inversions were located within composite linkage groups
(PM1 and PM7) and all involved regions homeologous
to a rice centromeric interval (Figures 1 and 4).

Comparisons between sorghum, sugarcane, and pro-
genitor maize served to identify structural rearrange-
ments that predate divergence of the Panicoideae. De-
tailed comparisons between sorghum and maize based
on many of the loci detected by ISU probes utilized in
the maize-rice comparison will be presented to further
define the Panicoideae interval (W. Woodman and M.
Lee, unpublished results). PM3 and PM7 are common
to sorghum and indicate that two compound linkage
groups were present in the progenitor Panicoideae and
account for the reduction in base chromosome number
from x 5 12 (ancestral genome) to x 5 10 (Panic-
oideae). The base number of common chromosomes
in Panicoideae genomes is inferred to have been further
reduced to eight in the progenitor maize genome by
the formation of two novel compound linkages, PM1
and PM4. Based on these two compound linkages, PM1
and PM4, and an inversion on PM6, the maize progeni-
tor genome (x 5 8) was structurally differentiated from
sorghum.
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TABLE 2

Genomic rearrangements in the maize genome that occurred subsequent to the tetraploidization event

Last event in Type of Resulting
Event tetraploid chromosomal Homeologous chromosome
designationa genome structure rearrangement group/segment Breakpoint(s)/fusion point(s) arrangement

M INS-1 MDE Insertion PM8 → PM3 bcd207-rz500/rz500-cdo464, bcd207-cdo99 M1 composite
M FS-1 MDE Fission at centromere(?) PM3 isu62-cdo665/NFP PM3a-PM3b
M F-1 MDE End-to-end fusion PM4-PM7 NBP/isu109-TELO M2 composite
M F-2 MDE End-to-end fusion PM2-PM5 NBP/TELO(rz446)-TELO(isu60) M4 compound
M F-3 MDE End-to-end fusion PM3b-PM2 NBP/isu62b-TELO M5 composite
M F-4 MDE End-to-end fusion PM3a-PM6 NBP/cdo665-TELO M9 compound
M INS-2 MDE Insertion (or fusion) PM5 → PM1 TELO(cdo1338-CENT1S-rz995b), M3 composite

TELO(csu25-cdo394)
M TR-1 MDE Translocation R5L → PM6 DISTAL TO cdo105(isu111)/isu111-rz144b M6 compound
M2 INV-1 Composite M2 Inversion R11/12 isu127-isu54, cdo385-csu109/csu109-isu127, M2

isu151-isu69
M3 INV-1 Composite M3 Inversion R11/12 cdo344(12L)-csu25(11L) M3
M4 INV-1 MDE Inversion R11/12 cdo127b(11S)-isu127(11S)/ M4

CENTROMERE
M4 INV-2 Compound M4 Inversion R11/12 uaz145(11C)-cdo127b(11S) M4
M8 INV-1 MDE Inversion R1S rz995a-CENTROMERE M8
M9 INV-1 Compound M9 Inversion R3S, R6 cdo665b-cdo672b/cdo78-rz588 M9

a M, maize; R, rice; INS, insertion; INV, inversion; FS, fission; MDE, maize duplication event; TR, translocation; NBP, no breakpoint; NFP, no fusion point.
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Figure 3.—Evolutionary intervals based on divergence points along the maize lineage. Divergent taxa are noted at each node.
Inferred genome structures within the internodes represent progenitor taxa to subsequent lineages.

inversions in modern maize linkage groups suggested Ten incongruent loci corresponding to loci on R2, R3,
R5, R6, and R7 were scattered along the linkage groupthat the tetrasomic state arose either from a cross between

species sharing these composite linkages and inversions in no discernible pattern. The short arm of M2 from
cdo36b through isu142 contained 11 loci anchoring M2-or via autopolyploidy. Of the 8 progenitor linkage

groups duplicated (16 groups after polyploidization), R4 homeology and accounted for .95% of R4 within
the interval.only M7 (PM7), M8 (PM1), and M10 (PM4) have not

been further combined subsequent to polyploidization. A portion of the long arm of M2 is composed of
segments homeologous to R7 and R9 and was consid-Both copies of the duplicated PM2, PM3, PM5, PM6,

PM8 formed novel compound or composite linkages in ered a duplicate counterpart of M7. The association
of R7 and R9 components in each linkage group ismodern maize. Relative to ancestral components, all

modern maize linkage groups are compound or com- representative of a progenitor maize linkage group. In
progenitor maize, an inversion was deduced on the basisposite and these linkage groups were fixed over many

divergence points in the maize lineage. of the inverted marker order on both M2 and M7 rela-
tive to R7, including the rearrangement of cdo533 andThe modern maize genome: Due to genome-wide du-

plication and numerous chromosomal rearrangements cdo385 (both in the centric region of R7) to a distal
location on M2 and M7. After accounting for this inver-and fusions, direct comparison between rice and maize

is facilitated by comparing maize linkage groups to rice sion in both maize linkage groups, the position of the
insertion was estimated to lie between cdo59 and uaz200,on the basis of segmental homeology rather than com-

ponent linkage groups. Points of chromosome breakage two anchored loci within the long arm of R7.
The long arm of M2 is complicated by several homeol-and fusion are estimated on rice linkage groups on

the basis of informative markers in one or both of the ogy transitions resulting from composite linkage forma-
tion and a subsequent intrachromosomal rearrangementcorresponding duplicated segments in maize. Often

only one of the two segments is noted in any comparison that occurred after the MDE. A segment homeologous
to R11/12 was detected on M2L by the positioning ofas presented in the following three examples for M2,

M3, and M4. five loci detected by five maize probes. Two R11/12 loci
(isu69 and isu54) were located near the centromere ofMaize chromosome 2: Homeology was assigned between

M2 and R4, R7, R9, and R11/12 by the anchoring of M2, interstitially located between segments homeolo-
gous to R4S and R7L, and the other three R11/12 loci11, 12, 4, and 5 loci on these linkage groups, respectively.
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(isu109 and isu127, R5S) were interstitial to segments A third homeology transition on M3 involves seg-
ments homeologous to R11 or R12 and R1L and ishomeologous to R7L and R7S at the distal end of M2L.

A likely inversion was noted by the separation of isu109, demarcated by cdo344a-cdo459 and rz296b. The position
of csu25 and cdo1338a on the end of M3L and a reversalisu127, and the R5S locus from isu69 and isu54 that

would result from breakpoints within the segments ho- of order of markers of R1L indicate an inversion has
occurred within M3 and is likely to have occurred subse-meologous to R11/12 and R7. Both breakpoints oc-

curred in centromeric intervals: one breakpoint with quent to the insertion of R11/12 in a position at or
adjacent to the centromeric region on M3. This is fur-the segment homeologous to R7 occurred in an interval

homeologous to R7C and the other breakpoint was lo- ther supported by the observation that the markers
along the large segment corresponding to R1L appearcated at or near the M2C. Such an inversion would have

involved the majority of the long arm of M2 and may in reverse order to those from R1S, which comprises
the short arm of M3 and PM1.have resulted in the transfer of the R11C/12C within

this segment to a more distal position and the transfer Maize chromosome 4: Maize chromosome 4 can be
aligned to rice by 55 loci and is composed of segmentsof the region orthologous to R7C to a centromeric posi-

tion. Ordering of the corresponding segment dupli- homeologous to R2 and R11/12. Of the 55 loci, 22 were
located on M4 and R2, 10 were on M4, and 12 were oncated on M7 and the corresponding progenitor maize

consensus indicates that the inversion is unique to M2 R11/12. An R11/12-R2 homeology transition occurs at
or near the centromere in an interval between isu127band happened subsequent to the MDE, perhaps as a

result of composite linkage group formation resulting and cdo1380. Within this centromeric interval, 15 incon-
gruent loci on M4 indicated point relationships withfrom an end-to-end fusion between PM4 and PM7.

Maize chromosome 3: Maize chromosome 3 was ob- R1, R3, R4, R5, R6, R7, and R8. Of these incongruent
loci, all but one were located near the centromere andserved to be the most complex chromosome in maize

due to the presence of segments homeologous to R1, the first homeology transition region with no apparent
positional relationships to other portions of the maizea portion of R5, and R11/12. Direct comparison of M3

and M8, based on observed homeology, reveals that or rice genomes.
The order of loci in segments homeologous to R2each has an arrangement reflecting the insertion of R5

into R1 and presumably both arose from a PM1 linkage and R11 indicated that end-to-end fusions (PM2 and
PM5) and two inversion events were necessary to ac-group.

The short arm of M3 is homeologous to R1S within count for the modern structural arrangement of M4.
The breakpoints of the most recent inversion were lo-the region delimited by csu75 and rz995. The order of

comparatively mapped markers on M3S is uncertain cated to the intervals delimited by uaz115-cdo1380b (cor-
responding to the aligned rice centromeric region indue to difficulties associated with positioning markers

to intervals and to a deficiency of comparatively mapped the segment homeologous to R2) and uaz145-cdo127a
(corresponding to the centromeric region of R11 andmarkers. Tight linkage and small population size pre-

cludes precise ordering of markers within the centro- located in the centromeric region of M4). Reversion of
this interval leads to reconstitution of the linear ordermeric region, but a similar structural arrangement con-

sisting of R5 inserted into R1 in the centromeric region corresponding to R2 and juxtaposition of a small seg-
ment on the M4L that is homeologous R11/12 to thewas observed in the centromeric region of M8. The M8

arrangement was considered the duplicate counterpart remainder of the segment composing the short arm of
M4. The first inversion on M4 occurred within the shortof M3 and served as a better template to infer the ances-

tral arrangement. arm of M4 (homeologous to R11) with breakpoints at or
near the M4 centromere (telomere R11S) and betweenClose inspection of marker order on M8 revealed

markers anchoring M8 to R5S were separated by an cdo520 and cdo534. Neither of these inversions is present
on the duplicated M2, M3, and M10, or M5 segmentsinterval corresponding to R5L. Separation of portions

of segments homeologous to R5S indicated an inversion that are homeologous to R2 and R11/12, respectively,
and therefore they were presumed to have occurredhad occurred within the M8 lineage relative to rice. On

M3, markers corresponding to one set of R5S markers subsequent to the MDE.
Hybridization of maize probes in grasses other thanseparated by the M8 inversion event were detected in

the centromeric region. Therefore, we deduce that the rice and maize: Comparative mapping of the grasses is
based upon the use of common probes, usually derivedsegments homeologous to R5 on M3 and M8 were in-

verted prior to duplication of PM1. It was not possible from conserved but anonymous genes, to map related
loci and to anchor linkage relationships in differentto determine if the inversion was associated with com-

pound linkage group formation resulting in PM1. If species, tribes, genera, or clades (Van Deynze et al.
1998). Maize probes utilized in this study were evaluatedM3 is presumed to have arisen from PM1, the segment

corresponding to the long arm of R5L that appears on for copy number and strength of hybridization signal
across the grasses and two close relatives of the Poaceae.M6L would have been translocated subsequent to the

MDE. More than 90% of maize probes surveyed on sugarcane,
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sorghum, and rice produced strong clear signal. Hy- altering the number, function, and positioning of cen-
tromeres could be very important.bridization efficiency dropped dramatically within the

Pooideae to 60% (wheat) or below (barley and oat). An obvious result of compound linkage group forma-
tion is the juxtaposition of two or more centromeresHybridization efficiency of maize probes on bamboo

(79%), Joinvillea (80%), and Flagelleria (68%) demon- on a chromosome. Of the 10 inversions defined between
maize and rice, all had breakpoints at or near a centro-strated the efficacy of maize cDNAs to detect and map

loci beyond the grass family. mere in maize or an interval homeologous to a rice
centromere, and at least 8 occurred within compound
or composite linkage groups. Inversions on PM1, PM7,

DISCUSSION
M2, M3, M4, and M5 were pericentric from the perspec-
tive of the inclusion of regions that were orthologousGenome rearrangements in the grasses: An important

consideration in comparing genome structure across to rice centromeres. Pericentric inversions detected in
this study would affect the physical position of centro-the grasses is the role of chromosomal rearrangement

in speciation because, although chromosome breakage meres and they may represent a mechanism of aggregat-
ing and/or dispersing centromeres or centromeric ac-and rearrangements are common, retention of re-

arrangements requires selection and/or the ability to tivity in compound and composite linkage groups.
The concept of the grass family as an incompletebuffer genetic deficiencies. Of the domesticated grasses

mapped to date, the structure of the maize genome is dysploidic series of genomes provides an opportunity
to evaluate the fixation rate for gross structural re-the most complex in the Gramineae due to fixation of

10 composite linkage groups, at least 10 inversions, one arrangements. These rearrangements can be estimated
on the basis of the data presented in this study as summa-nonreciprocal translocation, a polyploidization event,

and aneuploidy consisting of one duplicate linkage rized in Figure 5. Divergence of Panicoids from Oryzoids
has been estimated to be 60 mya (Figure 3, node 1).group relative to rice. Early fixation of some of these

events has served to separate the Panicoids from a pro- Based on RFLP linkage maps of sorghum (Chittenden
et al. 1994; Pereira et al. 1994), rice, and maize, twogenitor grass similar to rice, and subsequent events sepa-

rated maize from millet, sugarcane, sorghum, and Trip- compound linkage groups and two inversions formed
in the progenitor Panicodeae genome and account forsacum. In addition, rearrangements below the level of

resolution of the maps presented in this study have reduction in basic chromosome number from 12 to 10.
A basic chromosome of 10 is common throughout theoccurred, as suggested by the numerous markers whose

map position does not coincide with currently defined Panicoideae, although exceptions have been well docu-
mented in previous studies (Celarier 1956, 1957). An-regions of synteny (Figure 2), and are expected to be

resolved as genomic resolution increases (Chen et al. dropogoneae-Maydeae divergence is estimated at 25
mya (Gaut and Doebley 1997). Subsequent to this1997).

The compound nature of linkage groups in all the divergence (Figure 3, node 3), two additional com-
pound linkages occurred accounting for reduction fromdomesticated grasses except rice (Ahn et al. 1993; Kur-

ata et al. 1994; Van Deynze et al. 1995a,b) has led to x 5 10 to x 5 9 (Tripsacum) to x 5 8 (progenitor
maize). The polyploidization event in the maize lineagethe proposition that rice has the most basic genome.

The incompletely dysploidic arrangement of the 12 has been estimated to have occurred 16–25 mya (Gaut
and Doebley 1997). Subsequent to this doubling, sevengrass components into species with a basic chromosome

number of 7 (Triticeae, Aveneae), 8 (Progenitor maize new compound or composite linkage groups, seven in-
versions, one translocation, and perhaps one deletionand Saccharum spontaneum), and 10 (Sorghum, S. offici-

narum) accounts for the reduction of the base chromo- (R8) were fixed to account for the modern maize ge-
nome. Given the rate of chromosomal rearrangementsome number in each lineage and serves to clarify phy-

logenetic relationships. The unique events involving prior to duplication, it is apparent that relatively rapid
genome rearrangement occurred subsequent to thecomponents homeologous to R8 and R10 in each lin-

eage (Ahn and Tanksley 1993; Van Deynze et al. polyploidization event.
Tetraploid maize: Cytogenetic (reviewed in Molina1995a,b) add further support for rice as the most basic

genome because a link to chromosome fission has not and Naranjo 1987) and molecular evidence (Gottlieb
1982; Helentjaris et al. 1988; Ahn and Tanksley 1993)been developed that fits the chromosome complements

of the Pooids and the Panicoids. Indeed, a reductional have supported the early contentions (Rhoades 1951)
that maize is an ancient tetraploid that exhibits disomictrend in chromosome number is apparently irreversible

(Stebbins 1950) as no evidence has been presented inheritance. While cytogenetic studies have proposed 5
as the basic chromosome number (reviewed in Molinawithin the domesticated grasses of fixation of two link-

age groups that have arisen from a compound linkage and Naranjo 1987), we see no evidence supporting
this contention based upon comparative mapping. Ourgroup that fits with evolutionary direction. While the

mechanisms enforcing the reductional trends in grass progenitor genome model presents evidence that the
genome(s) that gave rise to a duplicated maize genomegenomes are unknown, gross structural rearrangement
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Figure 4.—Inferred consensus map of a progenitor maize genome based on associations of conserved chromosomal segments
within the rice and maize genomes. Numbered blocks represent rice linkage groups that correspond to the progenitor maize
segment. All rearrangement breakpoints were estimated on the basis of order within duplicated segments within the maize
genome and rearrangements noted relative to the rice linkage segments (as summarized in Tables 1 and 2). Numbers in
parentheses behind each marker indicate chromosomal positions in the maize genome. Designations in boldface type indicate
putative positions of rice centromeres (RC) at rearrangement breakpoints.

had already diverged from sorghum by two novel com- via a cross between two species more closely related to
each other than either was to sorghum or sugarcane.pound linkage groups and at least two inversions. We

propose the polyploidization event would have involved After polyploidization, the progenitor maize genome
switched from tetrasomic to disomic inheritance. Theone (auto) or two (allo) species with these linkages in

common. The relatedness of these genomes was based switch has been proposed to have been segmental based
on grouping sequence divergence of duplicated locion common compound linkages in modern maize, but

the unique events associated with these linkage groups (Gaut and Doebley 1997). While autopolyploidy with
segmental reduction from polysomy has not been clearlyindicate that maize was derived via autopolyploidy or
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Figure 4.—Continued.

demonstrated in the domesticated grasses, sugarcane chromosome number based on 10 similar to maize (i.e.,
has been postulated to be an autooctoploid (x 5 8; 2n 5 20 or 40), except for Tripsacum spp. (2n 5 18, 36,
Da Silva et al. 1993) that exhibits some preferential or 72) and Coix (2n 5 10, 20). Coix is a unique member
pairing (Al-Janabi et al. 1994; Ming et al. 1998). The of the tribe and has been proposed to represent the
autopolyploid origin and segmental reduction to diso- x 5 5 progenitor of the Maydeae lineage. Our model
mic inheritance proposed for maize parallels observa- of progenitor maize, coupled with an assumption that
tions of the sugarcane genome. Chromosome re- changes in basic chromosome number are only reduc-
arrangements may have contributed to the shift from tional, would predict that Coix is dramatically re-
tetrasomic to disomic inheritance by introducing struc- arranged relative to maize due to novel compound and
tural heterology among linkage groups. Formation of composite linkages and, rather than being a progenitor,
compound or composite linkages followed by inversion is highly divergent from other Maydeae genomes. Tripsa-
events may have reduced pairing between duplicated cum spp. genomes range from 2n 5 18 to 2n 5 72, which
segments and contributed to the transition to disomic indicates 9 as the base number. A future comparison
inheritance. Future sequence comparisons between par- between Sorghum, Tripsacum, and the inferred progen-
alogous loci, like those of Gaut and Doebley (1997), itor maize might identify a compound linkage group
may lead to an understanding of the role of chromo- common only to maize and Tripsacum and provide the
some rearrangements in the transition to disomic inher- intermediate genome structure between progenitor
itance. maize (x 5 8) and sorghum (x 5 10).

The tribe Maydeae has seven genera: Zea, Tripsacum, The authors gratefully acknowledge Jerrold Davis for many useful
Coix, Trilobachne, Polytoca, Sclerachne, and Chio- conversations and suggestions in preparing this manuscript, Matthew

Blair and Kevin Livingstone for their critical reviews of the manuscript,nachne (Celarier 1957). Most genera have a haploid
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Figure 5.—Genome structures of domesticated grasses along the continuum of maize evolution. The rice genome, with 12
basic chromosome structures represented as color blocks, marks the divergence of the Orzyoideae and Panicoideae subfamilies.
Sorghum, progenitor maize, duplicated progenitor maize, and modern maize are drawn relative to rice chromosome structures.
Chromosome inversions inferred in modern maize are indicated as hatched shading of blocks representing the inverted linkage
segments. To faciliate structural comparisions Sorghum mapping data from Pereira et al. (1994) was included and compared
to rice on the basis of ISU markers.

system: genome composition, collinearity, and compatibility.Carole Morehouse and Lois Swales for help in formatting the manu-
Trends Genet. 9: 259–261.script and figures, and the financial support of the United States

Burr, B., F. A. Burr, K. H. Thompson, M. C. Albertsen and C. W.Department of Agriculture Plant Genome Initiative (USDA NRI grants
Stuber, 1988 Gene mapping with recombinant inbreds in94-37300-0324 to M.S., 94-37310-0661 to S.M., and 97-35300-4939 to
maize. Genetics 118: 519–526.

M.L.); International Atomic Energy Agency (research contract 8494/ Burr B., F. A. Burr and E. C. Matz, 1993 Maize molecular map
R1 to M.L.); and Cooperative State Research, Education and Exten- (Zea mays) 2n 5 20, pp. 190–203 in Genetic Maps, edited by S. J.
sion Service (NYC 149-401 to S.M.). O’Brien. Cold Spring Harbor Laboratory Press, Cold Spring Har-

bor, NY.
Causse, M., T. M. Fulton, Y. G. Cho, S. N. Ahn, J. Chunwongse et
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